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Abstract
A bidirectional turbine used in an oscillating water column device extracts wave energy from oscillating airflow.
To improve its power output, a concept of static extended trailing edge found in the wings of owl and merganser
was adopted. The static extended trailing edge with 0–10% of chord length (C) was analyzed for different flow coefficients
via Reynolds-averaged Navier–Stokes equation-based computational fluid dynamics (CFD) analysis. ANSYS-CFX 15.0
was used to simulate the flow. Grid convergence index was calculated to obtain optimum mesh, and numerical validation
was done with experimental results. The static extended trailing edge with 5%C enhanced relative mean torque by 23.4%
and, reduced relative mean efficiency by 5.4%, before stall condition. The modification increased pressure difference
between the suction side and the pressure side and enhanced torque. The increased pressure drop reduced the efficiency. A further longer static extended trailing edge showed poorer stall characteristics.
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Introduction
Mimicking nature, engineering systems are being
designed to make our life easier and comfortable.
One such design adopted from the wings of birds
such as owl and merganser, which has a thin extended
trailing edge (TE).1 The underlying aerodynamic effects
of the extended TE on NACA 0012 airfoil was investigated by Liu et al.2 The static extended trailing edge
(SETE) improved lift characteristics by altering pressure distribution across the blade and due to camber
effect. They also reported that it can enhance cruise
flight efficiency with minimum drag penalty. A similar
approach can also be extended to turbine systems
where the improved lift results in higher power
output and there is no literature found on turbines
implemented with SETE to improve their performance.
A proposed turbine blade modified with SETE along
with owl and merganser is presented in Figure 1.
On the other hand, the existing wave energy converters (WECs) are still in their early stages of development.3–5 A WEC called oscillating water column
(OWC) contains an air turbine as a power take-off
device to convert the pneumatic energy into the mechanical energy. A Wells turbine (Figure 2) commonly
used for such purpose has a symmetrical airfoil and
rotates unidirectionally for the bidirectional airflow.

It has inherent limitations like noisy operation,
narrow operating range, and reduced torque at very
low or high flow rates. The turbine will give better
average power if it can extract energy from both
low- and high-velocity fluid. In practice, energy
extraction is intermittent.
Figure 2 shows an OWC and a Wells turbine.
The OWC has two openings: one facing water and
the other facing air. The water facing opening takes
wave and releases. The water column inside the cylinder oscillates and the air is breathed through turbine
annulus inside the duct. The turbine rotates in one
direction, although the airflow direction changes.
For better understanding, the cyclic airflow inside
an OWC is illustrated in Figure 3. Assuming the
incoming wave profile to be sinusoidal, the air velocity
starts increasing from minimum to maximum (accelerating flow), when the wave rises inside the OWC.
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Figure 1. Blade with static extended trailing edge which mimics the extended feather.
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Figure 2. Schematic of (a) an OWC and (b) a Wells turbine.

In the region a–b, there is no energy extraction due to
low air velocity, and in the region b–c, energy extraction takes place. Moreover, there will be no energy
extraction in the region c–d because of turbine stall
caused by flow separation. The same events are
repeated when the wave falls inside the OWC, the velocity of air starts decreasing from maximum to minimum (decelerating flow) and the energy extraction
occurs in the regions e–f and h–i. The above-discussed
process repeats itself in the cycle and it is responsible
for the reduced average power output of Wells turbine.
The shaded box indicates a feasible power extraction
region. Hence, for a single wave cycle, four distinct
power extraction zones can be observed unlike other
cases such as wind turbine, gas turbine, or steam

turbine. Hence, to improve the power output, we
have to extract more power in the shaded region or
the operating range should be increased.
Several articles were reported to overcome the
above limitations. A comprehensive study on the
design parameters of the turbine is provided by
Raghunathan.8 Improving operating range, efficiency,
and turbine power output are necessary to enhance
the turbine performance. Different configurations of
Wells turbine such as biplane,9 guide vane,10 contrarotating,11 blade sweep,12 and variable chord13 are
reported in the literature to enhance its performance.
It is highly sensitive to tip clearance and increased tip
clearance resulted in a wider operating range with
reduced efficiency.8 Takao et al.14 implemented end
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optimization of airfoil profile was performed19 and
the optimized design enhanced turbine torque by
9.3%. Halder et al.20,21 optimized turbine speed and
blade sweep to improve efficiency and torque coefficient. Mahboubidoust and Ramiar22 employed a
dielectric barrier discharge (DBD) plasma actuator
active flow control method. The DBD plasma actuator is applied on TE of the blade and they reported
an enhanced torque of 39.36%. Nazeryan and

plate in blade tip to improve the performance. Taha
et al.,15 Shaaban and Hafiz,16 Halder et al.,17 and Cui
and Hyun18 investigated non-uniform tip clearance,
duct geometry, casing treatment, and blade tip treatment, respectively, to modify the behavior of tip leakage flow, thereby enhancing its performance.
In the above studies, Shaaban and Hafiz16 and
Halder et al.17 reported improved turbine power
output by 14% and 26%, respectively. Multi-objective
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Figure 3. Cyclic airflow inside the OWC.

Figure 4. Velocity triangle and force vectors of Wells turbine for the bidirectional flow.25,26
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Lakzian23 numerically analyzed varying blade thickness, it improved torque and efficiency by 63.37% and
72.8%, respectively, in a deep stall condition. Halder
et al.24 performed shape optimization with parameters
such as sweep, airfoil, and casing groove depth.
They reported an enhancement of 8% in efficiency
and a decrement of 17.4% in torque coefficient at
the post-stall condition. In the above cases, excluding
studies of Mahboubidoust and Ramiar,22 the turbine
power extraction was enhanced only at higher
flow rate region.
This paper proposes an SETE to improve the
power output of Wells turbine. The TE of NACA
0015 airfoil was modified with SETE while retaining
the original airfoil profile. The problem was solved in
a Reynolds-averaged Navier–Stokes (RANS) solver
and a performance comparison was made for

Table 1. Turbine specifications.27
Blade profile
Number of blades (Z)
Chord length (C)
Hub radius (Rhub)
Tip radius (Rtip)
Mean radius (Rmean)
Solidity at mean radius
Tip clearance
Rotation speed (N)

NACA 0015
8
125 mm
200 mm
300 mm
250 mm
0.64
1.25 mm
2000 r/min

Figure 5. Reference (left) and SETE (right) blade.

modified and reference blade. In addition, a detailed
flow field analyses are reported in this paper.

Description of reference and modified
geometry
Working principle of Wells turbine
The axial flow reaction turbine to extract wave energy
from the bi-directional airflow of OWC contains
untwisted blades with a symmetrical airfoil (NACA
00XX series). Figure 4 shows the velocity triangle and
force vectors acting on a blade for the bi-directional
flow. The blade velocity, absolute velocity, and relative
velocity are represented by UT, V, and W, respectively,
whereas the subscripts 1 and 2 signify inlet and exit.
Owing to blade symmetry, inlet and exit velocity triangles of accelerating and decelerating flow are mirror
images of one another. In addition, the tangential force
(FT) component acts in the same direction for both
accelerating and decelerating flows. It is responsible
for the unique self-rectifying characteristic of the
Wells turbine. The reference geometry for this numerical study was taken from the article by Torresi et al.27
and its specifications are given in Table 1.

Implementation of SETE
To implement SETE, the leading edge (LE) of reference airfoil is fixed and the TE is extended to required
length and later extruded to create a three-dimensional
(3D) model (Figure 5). In the present work, SETE
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thickness (t) is 0.25 mm and its length was varied from
0 to 10%C to produce different designs. Additionally,
the deflection () of SETE blade was kept zero to preserve symmetry of the turbine.

eddy viscosity formulation to account for the transport of turbulent shear stress to avoid overprediction
of eddy viscosity.28 Moreover, several numerical studies have used k–! SST turbulence model to predict
the performance of Wells turbine.17,23,29

Numerical methodology
Three-dimensional steady RANS equations were solved
using ANSYS CFX 15.0 solver. Eddy viscosity-based
two-equation k–! shear stress transport (SST) was
chosen as turbulence closure model, as it is suitable
for flows involving separation and adverse pressure
gradient. It is a blend of k–" and k–! model which
implements k–! model closer to the wall and k–"
model away from the wall. It includes a modified

Discretization and boundary conditions
The computational domain contains a single blade
with rotational periodicity (Figure 6). The upstream
and downstream domain length from the blade was
taken as 4C and 6C, respectively. The turbine rotates
in an anti-clockwise direction at a speed of 2000 r/min,
viewed from the inlet. To realize rotation of the
turbine, a rotating reference frame approach was

Pressure
outlet
Periodic
interface
Blade (Wall)
Hub (Wall)
6C

Shroud (Wall)

Velocity
inlet
4C

Airflow
Figure 6. Computational domain and boundary conditions.

Figure 7. Discretized computational domain.
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adopted. The centripetal and Coriolis components
were incorporated in governing equations to achieve
it.30 The domain was meshed using unstructured
tetrahedral elements in ICEM CFD 15.0.31 To resolve
the viscous sublayer region, 20 layers of prism elements with a layer growth ratio of 1.2 were created
around the blade. The first cell height normal to the
wall was fixed as 0.01 mm to retain yþ < 1. The critical
meshing zones for reference and SETE blade are
shown in Figure 7.

The applied boundary conditions are shown in
Figure 6. The working fluid was air, and the buoyancy
effect was neglected. A uniform axial velocity (UA)
with 5% turbulence intensity was applied at the inlet
and was varied from 4 m/s to 18 m/s. The outlet pressure was set at zero atm. No-slip boundary condition
was applied to blade, hub, and shroud surfaces,
and the lateral faces of the computational domain
were fixed as a periodic interface. A second-order
accurate high-resolution scheme is used for spatial

Table 2. Uncertainty assessment.
Number of elements (106)
Average cell size (h)
Grid refinement factor (r)
Performance parameter ()
Apparent order
Approximate relative error
Extrapolated values
Extrapolated relative error
GCI

Fine, medium, and coarse
h1, h2, h3
r21, r32
1, 2, 3
p
32
e21
a , ea
32
12
ext , ext
21
32
eext , eext
32
GCI21
fine , GCImedium

(a) 0.25

6.80, 3.07, 1.39
0.0052, 0.0068, 0.0089
1.3, 1.3
0.0427, 0.0422, 0.0402
5.47
0.0114, 0.0495
0.04294, 0.04295
0.0035, 0.0152
0.0043, 0.0192

(b) 1.2
Exp-Curran & Gato (1997)
CFD-Toressi et al. (2004)
CFD-Toressi et al. (2008)
CFD-Halder et al. (2015)
CFD-Present result

Exp-Curran & Gato (1997)
CFD-Toressi et al. (2004)

0.2

1
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Figure 8. Comparison of performance parameters between experiment and numerical results. (a) Torque coefficient. (b) Pressure
drop coefficient. (c) Efficiency.

7

Kumar and Samad
discretization. It is a blended scheme that employs
second-order accuracy in low-gradient regions and
the first-order accuracy in high-gradient regions to
maintain robustness.32 For simulations, RANS equations were solved in ANSYS CFX 15.0. The simulations were run parallel in VIRGO supercluster at
Indian Institute of Technology Madras. It has 292
compute modes, 2 master nodes and 4 storage nodes
with a total compute power of 97 TFlops. To minimize the round-off error, double precision was used for
all simulations. It uses 64-bit for representation of
floating point numbers compared to the 32-bit representation in the single precision case. The convergence criteria were evaluated by the root mean square
residual value and mass imbalance, and those were
kept as 104 and 0.001%, respectively.

Base airfoil

SETE

Result and discussion
Grid refinement study
To evaluate numerical uncertainty, the grid convergence index (GCI) based on Richardson extrapolation
method33 was used. The procedure given by Celik
et al.34 was followed for GCI calculation. The grids
with resolutions such as fine (6.80 million), medium
(3.07 million), and coarse (1.39 million) were selected,
and the non-dimensional torque was chosen as the
performance parameter (). To find discretization
error, average cell height (h) was calculated as
"

N
1X
h¼
ðVi Þ
N i¼1

#1=3

ð1Þ

where Vi is the ith cell and N is the number of elements. The apparent order p is given by
p¼

Base airfoil

1
"32
þ qð pÞ
ln
lnðr21 Þ
"21

ð2Þ

δ

C

l

p

r s
qð pÞ ¼ ln p21
r32  s

SETE

2

Figure 9. Base airfoil and SETE.

(a)

(b)

(c)

(d)

ð3Þ

Figure 10. Effect of SETE blade on performance of Wells turbine. (a) Torque coefficient. (b) Pressure drop coefficient. (c) Efficiency.
(d) Percent variation of 5%C SETE blade.
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where r21 ¼ hh21 , r32 ¼ hh32 , and the subscripts 1, 2, and 3
represent fine, medium, and coarse mesh, respectively.


"32
s ¼ 1: sign
"21



Lastly, the GCI is expressed as
GCI21
fine ¼

ð4Þ

1  2
1

ð5Þ

e21
ext ¼

12
ext  2
12
ext

ð6Þ

where the extrapolated value is 12
ext ¼

ðrp21 1 2 Þ
.
ðrp21 1Þ

(a)

(d)

(b)

(e)

(c)

ð7Þ

Table 2 gives the uncertainty assessment based on
GCI. The GCI and the extrapolated relative error
are 0.43% and 0.35%, respectively, for the fine grid.
Similarly, for the medium grid, the values are 1.9%
and 1.5%, respectively. Hence, the fine grid has a
lower uncertainty than that of the medium grid.
Moreover, GCI between the coarse and medium
grid is less than 2%. According to Manna et al.,35 it
can be concluded that grid convergence is achieved if
the GCI between consecutive grids are less than 3%.
Hence, the medium grid is retained for further numerical analyses to save computational time.

where "32 ¼ 3  2 , "21 ¼ 2  1 .
The approximate and extrapolated relative error is
given by
e21
a ¼

1:25e21
a
rp21  1

(f)

Figure 11. Coefficient of pressure distribution at blade midspan (left) and tip (right) for different flow coefficients.
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CFD validation
The present CFD results were validated with
experimental and numerical results17,27,29,36 (given
in Figure 8). The non-dimensional parameters
such as torque coefficient (T*), pressure drop coefficient (p*), and efficiency () were plotted against
the flow coefficient (FC) (U*). A sudden drop
in torque and efficiency indicates the turbine stall.
The results agree well with the experimental result in
low and high U*. However, the performance parameters were over-predicted in the near-stall condition
(U* ¼ 0.225). In addition, the present CFD results
follow the same trend as the existing numerical results
and predicted stall point with adequate accuracy.

Aerodynamic performance of SETE blade
Figure 9 shows an airfoil with SETE. Wind
tunnel tests of NACA 0012 airfoil with SETE

Figure 12. Coefficient of pressure distribution on the blade SS.

showed better lift characteristics2 and improvement of
lift depends on the length and deflection of SETE.
The lift coefficient of the base airfoil (CL, base ) and
SETE (CL, SETE ) is given below and a detailed derivation of these relations can be found in the study of
Liu et al.2
CL, base ¼ h

2
1 þ

CL, SETE ¼ h
CL ¼



2ð1þÞ
AR

ð8Þ

i

Cl
1 þ

2 ½"

2ð1þÞ
AR

i

þ ð1 þ "Þ tan  ð  c þ sin c Þ
 CL, SETE
Cl

ð9Þ



ð10Þ
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where Cl is the sectional lift coefficient, " ¼
h i
c ¼ cos1 "1
"þ1 .

l
C



cos ,

substituting  ¼ 0, equation (10) reduces to
CL ¼

To preserve the blade symmetry of Wells turbine,
the deflection ðÞ of SETE is kept as zero. Now


 
2  CL, SETE l
C
Cl

Figure 13. Spanwise and streamwise turbolines.

(b)

(a)

(c)

Figure 14. Spanwise normalized tangential velocity distribution. (a) FC 0.075. (b) FC 0.225. (c) FC 0.275.

ð11Þ
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Or, CL ! l, , and 1/C. Equation (11) shows SETE
can provide lift enhancement at zero deflection.
In addition, the above equations does not include
viscous and tip vortices effects2 and valid up to

Figure 15. Velocity contour and streamlines on the blade midspan.

11
stall point. On contrary, tip leakage flow plays an
important role in Wells turbine performance. Hence,
to understand the effect of SETE, 3D CFD simulations were performed for different extension lengths
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torque. The pressure difference is higher at blade tip
than midspan region for all cases. In addition, a
longer SETE shows increased pressure at TE.
The peak torque coefficient appears at U* ¼ 0.225,
and the suction pressure increases at LE (Figure 11(b)
and (e)). The 5%C SETE blade shows highest suction
pressure and it corroborates the results shown in
Figure 10(a). Except for 10%C SETE blade, all
other blades show increased suction pressure from
midspan to tip. However, the 10%C SETE blade
stalls at U* ¼ 0.225, implied by a sudden decrease in
LE suction pressure and uniform pressure across the
SS. With an increase in FC, incidence increases and it
intensifies adverse pressure gradient on SS leading to
flow separation. Hence, stall occurs at higher U*
(¼ 0.275) for all cases. As explained earlier, suction
pressure at LE diminishes and SS pressure is almost
uniform along chord (Figure 11(c) and (f)) for the
stalled blades.
The Cp distribution on blade SS is shown in
Figure 12. At U* ¼ 0.075, maximum suction occurs
at LE of the blade tip, and suction pressure decreases
from LE to TE. The increased SETE length marginally improved suction pressure and torque output at
low U*. With the increase in U* (¼ 0.225), suction
pressure at blade tip increases for all blades excluding

(1%C to 10%C) (Figure 10). The SETE blades
enhanced torque throughout flow range and peak
torque improved as the extension length increased.
Moreover, the 5%C SETE improved mean torque
coefficient by 23.4% with a drop in mean efficiency
of 5.4%, before stall condition. The turbine stalled
at FC ¼ 0.2 for SETE > 5%C. The pressure
drop increases with an increase in extension length
and it is the reason behind decrement of efficiency
(Figure 10(b)). The SETE induces camber effect and
enhances torque, and advances stall as the extension
length increased.

Flow field analyses
The coefficient of pressure (Cp) distribution at
blade midspan (50%) and near tip (95%) is shown
in Figure 11. The SETE increases pressure difference
between pressure surface (PS) and suction surface (SS)
of the blade. A higher enclosed area of the pressure
distribution curve implies a higher lift force, which
generates higher torque. As U* increases from 0.075
to 0.225, the area gets widen (Figure 11). At
U* ¼ 0.075, 1%C SETE shows insignificant performance change, whereas 10%C SETE gives higher SS
and PS pressure difference and produces higher

(b)

(a)

(c)

Figure 16. Streamwise turbulence kinetic energy distribution. (a) FC 0.075. (a) FC 0.225. (c) FC 0.275.
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10%C SETE, and this explains the enhanced torque
in Figure 10(a). In case of 10%C SETE, suction pressure at tip diminishes and stall occurs (Figure 10(a)
and (c)). The 5%C SETE shows a higher suction pressure at blade tip and generates higher torque. At
higher FC (U* ¼ 0.275), stall occurs for all cases and
suction pressure at blade tip vanishes, hence the pressure difference between SS and PS is reduced.

Figure 13 shows the location of a turboline, on
which the spanwise normalized tangential velocity
was plotted. The normalized tangential velocity distribution along the blade span for different FCs is given
in Figure 14. At a low FC (U* ¼ 0.075), the tangential
velocity gradually increases from hub to tip for
all blades. A marginal improvement in tangential
velocity can be observed in SETE blades and it

Figure 17. Streamlines at the blade chord (20%, 50%, 80%C planes).
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increases with increase in the length of SETE. From
the Euler energy equation for an axial turbine
(wbl ¼ UðCu1  Cu2 Þ), it is evident that the tangential
velocity affects the turbine power generated and the

increased tangential velocity of SETE blades is
responsible for the enhanced power output. At FC
0.225, the tangential velocity distribution along the
span increases for all blades except 10%C SETE

FC 0.275

FC 0.225

FC 0.075
Flow

Reference

Tip

LE

TE
Hub

Tip leakage flow

Strong interaction between tip leakage flow
and primary flow

1%C SETE

Tip leakage flow

Tip leakage flow

5%C SETE

Tip leakage flow

Strong interaction between tip
leakage flow and primary flow

10%C SETE

Tip leakage flow

Figure 18. Volumetric streamlines near the blade tip.

Strong interaction between tip
leakage flow and primary flow
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blade. In 10%C SETE blade, the velocity starts
decreasing from 40% span to tip and the decreased
tangential velocity can be attributed to the reduced
suction pressure on blade LE (Figure 11(b)).
Furthermore, 5%C SETE blade shows an increased
tangential velocity from hub to tip compared to other

Figure 19. Illustrations of different blades used for
comparison.

(a)

cases and this agrees with the higher torque shown in
Figure 10(a).
Figure 15 shows the velocity contour and streamlines along the blade midspan (50%). A stagnation
region appears near LE of PS and shifts downstream
with an increase in FC for all cases. At U* ¼ 0.075, the
flow is attached due to low incidence angle. At
U* ¼ 0.225, a high-velocity region is visible at SS for
all blades except 10%C SETE and it implies attached
flow since it has high momentum to overcome
the adverse pressure gradient. In addition, an anticlockwise vortex is visible at TE for all cases excluding
10%C SETE. Since the flow separation is confined to
TE, the torque generated is high at U* ¼ 0.225. In case
of 10%C SETE, the flow separation originates from
SS blade LE and extends up to TE. This can be attributed to the strong interaction between tip leakage flow
and primary flow, which deflects the high-velocity
region away from blade SS and stall occurs. This
agrees with the result shown in Figure 10(a). As FC
increases, the incidence increases, and the separation
point shifts from TE towards LE. Consequently,
at a higher FC (U* ¼ 0.275), a stall occurs for all
cases, and the separated flow engulfs the blade SS,
which gives a sudden drop in torque and efficiency
(Figure 10(a) and (c)).

(b)

(c)

Figure 20. Comparison of 5%C SETE and 5% increased chord blade. (a) Torque coefficient. (b) Pressure coefficient. (c) Efficiency.
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Figure 16 displays the turbulent kinetic energy
(TKE) distribution along the streamwise direction.
The TKE can be expressed as

The streamlines at 20%, 50%, and 80%C are analyzed to understand the tip leakage flow behavior. The
characteristics of tip leakage flow dictate the turbine
performance and it is driven by pressure variation
between PS and SS of the blade tip. The tip leakage
flow rolls down into a tip leakage vortex (TLV) on
blade SS and induces a blockage to primary flow and
its strength increases with increase in FC (Figure 17). At
U* ¼ 0.225, the TLV is stable and confined near the tip
region for all blades except 10%C SETE. In 10% SETE,
tip leakage flow interacts strongly with the primary flow,
thereby increasing blockage and causes stall. Moreover,
at U* ¼ 0.275, blockage increases on blade SS as tip
leakage flow interacts strongly with primary flow, causing flow separation, and it reduces torque and efficiency.
To further understand the tip leakage flow effects,
volumetric streamlines are illustrated in Figure 18.

1
ð12Þ
TKE ¼ ðu02 þ v02 þ w02 Þ
2
The TKE can be used to estimate increase in turbulence and location of flow separation points.37
During flow separation, rigorous mixing takes place
in the separated region and it increases TKE. At a low
FC (U* ¼ 0.075), the TKE is low due to no flow separation (Figure 16(a)). This also verifies the velocity
contour plot in Figure 15. Similarly, at U* ¼ 0.225,
TKE is low for all blades except 10%C SETE and it
indicates stall. At high FC (U* ¼ 0.275), stall occurs
for all blades and it is echoed by increase in TKE in
the downstream region.

(a)

(d)

(b)

(e)

(c)

(f)

Figure 21. Coefficient of pressure distribution at blade midspan (left) and tip (right) of different blades.
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The tip leakage flow at U* ¼ 0.075 emerges as a flat
wall jet from tip clearance region and shows weak
interaction with primary flow. With further increase
in FC (¼0.225), it can be seen that tip leakage flow is
increased and shifted towards LE.38 The 10%C
SETE blade shows a strong interaction between tip
leakage flow and primary flow on SS, and flow separates. For other blades, the interaction is weak, and
flow is still attached. At a higher FC (¼0.275), the
interaction is stronger for all blades as shown in
Figure 17 and stall occurs. From Figures 17 and 18,
it is evident that the nature of interaction between tip
leakage flow and primary flow affects the Wells turbine performance.

Comparison of 5%C SETE and 5% increased
chord blade
A new blade with 5% increased chord (IC) length
(Figure 19) is simulated such that the effective chord
length is same as 5%C SETE, and their performances
are compared. In Figure 20(a), the 5%C SETE shows
the highest torque, while 5% IC blade shows a higher
torque than reference blade. The 5%C SETE gave a
9% higher average relative mean torque and 1.9%
lower mean efficiency compared to 5% IC blade.
The 5%C SETE shows higher pressure drop which

explains the decrease in efficiency compared to 5%
IC and reference blade. Figure 21 illustrates the pressure distribution at blade midspan (50%) and tip
(95%). It can be seen that suction pressure and pressure on the upper side is higher in case of 5%C SETE
compared to 5% IC blade at midspan and a tip
region. As discussed earlier, this improved pressure
distribution is responsible for enhanced torque of
the 5%C SETE blade. Hence, it can be concluded
that the SETE blade perform better in terms of
power output compared to the blade with the same
effective chord length.
To analyze the flow field, the pressure, and velocity
distribution at the midspan for reference, 5% IC and
5%C SETE blades are shown in Figures 22 and 23,
respectively. At low FC (¼0.075), the pressure distribution of all the blade cases is almost identical. The
upper surface pressure near the LE increases with FC
because of the increase in incoming axial velocity and
angle of attack (AOA). At FC 0.225, the 5%C SETE
blade displays higher upper surface pressure and
increased suction near LE, compared to the reference
and 5% IC blade. This increased blade loading is
responsible for the improved torque characteristic of
the SETE blade compared to the 5% IC blade.
The increased pressure difference reduces the efficiency, which corroborates the results shown in

Figure 22. Coefficient of pressure contour on the midspan for various blade configurations.

18

Proc IMechE Part A: J Power and Energy 0(0)

Figure 23. Velocity contour on the midspan for various blade configurations.

Figure 20(c). At FC 0.275, the suction pressure near
LE vanishes and a low-pressure region occupies the
blade SS and stall occurs for all cases.
Similarly, at FC 0.075, no significant variation in
velocity distribution can be observed for all the blade
cases in Figure 23. A stagnation region appears near
the LE on PS for all blades, and it increases with FC.
Also, a high-velocity zone is visible near the LE on
SS for all cases, and it depends on the suction pressure generated near the blade LE. As confirmed
in Figure 23, the 5%C SETE shows increased highvelocity region on SS compared to the reference and
5% IC blade, and it is due to the increased upper
surface and suction pressure (Figure 22). At FC
0.275, flow separation occurs for all cases due to
severe adverse pressure gradient and higher AOA.
The low-velocity region engulfs the blade SS and it
implies stall. Moreover, from the above analysis,
it can be concluded that the modified pressure distribution in the SETE blade is the reason behind its
relatively better torque characteristic compared to
the increased chord length blade.

Conclusion
In the present study, a concept of SETE is introduced
for a turbine to harvest wave energy, and the performance is evaluated numerically. The parameters such as

coefficient of pressure, tangential velocity, TKE, and
tip leakage flow are analyzed. The prominent conclusions are:
. The SETE blades improved torque generated, by
modifying pressure distribution. The increase in
suction pressure and upper surface pressure in the
SETE blade is responsible for the improved torque.
. The torque increases with increase in SETE length
up to 5%C, whereas for extension length greater
than 5%C, the stall point shifts towards lower FC
and the operating range reduces.
. The 5%C SETE blade improved relative mean
torque by 23.4%, before stall condition.
However, mean efficiency is reduced by 5.4%
because of increased pressure drop in the SETE
blade.
. The SETE have better torque characteristics compared to the blade with same effective chord length.
It showed a relative increment of 9% in turbine
power output compared to the increased chord
length blade.
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Appendix
Notation
C
Cu
h
H ¼ RRhub
tip
k
p
p ¼ !p
2 R2
tip
Q
Rhub
ðR þR Þ
Rmid ¼ tip 2 hub
Rtip
T

chord length (mm)
tangential velocity (m/s)
average cell size (m3)
hub to tip ratio (–)
turbulence kinetic energy
(m2/s2)
pressure drop (Pa)
pressure drop coefficient (–)
volume flow rate (m3/s)
blade hub radius (mm)
radius of blade midspan (mm)
blade tip radius (mm)
torque (Nm)

T* ¼ !2TR5
tip
UA
Utip
U* ¼ UUtipA
V
wbl
W
yþ
Z

torque coefficient (–)
inlet axial velocity (m/s)
blade tip velocity (m/s)
flow coefficient (–)
absolute velocity (m/s)
blade specific work (m2/s2)
relative velocity (m/s)
non-dimensional wall
distance (–)
number of blades (–)

T!
 ¼ Qp
o


angle of attack (o)
angular velocity (rad/s)
efficiency (–)
density (kg/m3)

Subscripts
1
2

inlet
exit

